Cdn1 protein (cip1/waf1/sdi1) plays an important role as an inhibitor of mammalian cell proliferation in response to DNA damage. By interacting with and inhibiting the function of cyclin-Cdk complexes, p21 can block entry into S phase. p21 can also directly inhibit replicative DNA synthesis by binding to the DNA polymerase sliding clamp factor PCNA. When cells are damaged and p21 is induced, DNA nucleotide excision repair (NER) continues, even though this pathway is PCNA-dependent. We investigated features of p21-resistant NER using human cell extracts. A direct endlabelling approach was used to measure the excision of damaged oligonucleotides by NER and no inhibition by p21 was found. By contrast, ®lling of the *30 nt gaps created by NER could be inhibited by pre-binding p21 to PCNA, but only when gap ®lling was uncoupled from incision. Binding p21 to PCNA could also inhibit ®lling of model 30 nt gaps by both puri®ed DNA polymerases d and e. When p21 was incubated in a cell extract before addition of PCNA, inhibition of repair synthesis was gradually relieved with time. This incubation gives p21 the opportunity to associate with other targets. As p21 blocks association of DNA polymerases with PCNA but does not prevent loading of PCNA onto DNA, repair gap ®lling can occur rapidly as soon as p21 dissociates from PCNA. A synthetic PCNA-binding p21 peptide was an ecient inhibitor of NER synthesis in cell extracts.
Introduction
The human p21
Cdn1 protein (cyclin-dependent kinase inhibitor 1) is a potent inhibitor of several dierent cyclin-dependent kinase (Cdk) activities, particularly Cdk2 and Cdk4 in association with various cyclins (Harper et al., 1993) . This 18.1 kDa nuclear protein was discovered in dierent contexts resulting in a variety of names including sdi1, cip1, waf1, Mda6, p21, pic1, and cap20 (Gartel et al., 1996) ; for simplicity the term p21 is used in this paper. p21 is an important intermediate by which p53 mediates its role as an inhibitor of cellular proliferation in response to DNA damage, and can also be induced by p53-independent pathways. p21 binds to cyclin-Cdk complexes and directly inhibits kinase activity, prevents phosphorylation of critical cyclin-dependent kinase substrates and can block cell cycle progression. As a consequence of cyclin-Cdk binding, the principal cellular eect after p21 induction is to block DNA synthesis by preventing the G1 to S phase transition (Gartel et al., 1996) .
In the N-terminal half of p21 a domain formed by residues 16 ± 24 binds to cyclin (Chen et al., 1996b; Adams et al., 1996; Ball et al., 1997) and a separate domain (residues 45 ± 65) binds to Cdks (Ball et al., 1997; Goubin and Ducommun, 1995; Nakanashi et al., 1995) . Another cyclin-binding site occurs in the Cterminal half of p21 and includes residues 152 ± 158 (Adams et al., 1996; Ball et al., 1997; Chen et al,. 1996b ). Binding of p21 to cyclin-Cdk inhibits the initiation of DNA replication in Xenopus extracts .
It is remarkable that in addition to binding to and inhibiting cyclin-Cdk, p21 also binds to the DNA polymerase accessory factor PCNA and can directly inhibit DNA synthesis (Flores-Rozas et al., 1994; Waga et al., 1994) . PCNA forms a trimeric toroid structure that serves as a sliding clamp for DNA polymerase delta (pol d) and DNA polymerase epsilon (pol e) holoenzymes on DNA. This binding of p21 to PCNA can inhibit DNA synthesis by blocking association of DNA polymerase with PCNA (Podust et al., 1995a) . Binding of p21 to PCNA can also interfere with replication by preventing binding of the FEN1 5'-3' replicative exonuclease to the replicative complex (Chen et al., 1996a; Warbrick et al., 1997) . PCNA binding occurs via amino acids 142 ± 164 at the C-terminus of p21 and can be visualized in the crystal structure of the corresponding 22 residue p21 peptide complexed to PCNA (Gulbis et al., 1996) . Either the N-terminal cyclin-Cdk binding or the PCNA-binding region of p21 can inhibit DNA replication in various systems (Chen, 1995; Luo, 1995) .
After a cell is damaged by ultraviolet light or ionizing radiation there is an interruption in cell cycle progression and many cells undergo DNA repair. The major pathway by which damage is removed after UV irradiation is nucleotide excision repair (NER). This process works by a dual incision mechanism which cuts the damaged strand on either side of a lesion and releases altered bases within 24 ± 32mer oligonucleotides. The resulting gap of about 30 nucleotide (nt) is ®lled in by DNA polymerase. The repair synthesis step of NER both in vitro and in cells depends on PCNA and utilizes pol d or pol e for gap ®lling Wood and Shivji, 1997; Budd and Campbell, 1997; Hindges and HuÈ bscher, 1997) .
However, studies with cell-free systems have usually shown that p21 does not signi®cantly inhibit the function of PCNA during DNA repair (Li et al., 1994; Shivji et al., 1994; Li et al., 1996) , though one study noted substantial inhibition (Pan et al., 1995) . A lack of inhibition seems reasonable, because it would be generally disadvantageous for a UV-damaged cell to induce a regulated protein which inhibits DNA repair. Rather than inhibiting repair, there are indications that p21 helps to promote the process in cells. A comparison of the ability of p21 +/+ and p21 7/7 human colon cancer cells to repair UV or cisplatin damaged plasmids showed that p21 7/7 cells had lower repair and that introduction of wild type p21 (but not a truncation mutant lacking the PCNA binding site) could increase the repair capacity of the cells (McDonald et al., 1996) . In addition, transient induction of p21 expression via a transgene in p53-defective cells increased clonogenic survival after UV irradiation or cisplatin treatment and enhanced the cellular capacity to repair damaged reporter plasmids (Sheikh et al., 1997; Fan et al., 1997) . These results suggest that p21 modulates the NER process to facilitate the repair of DNA damage. It is possible that the p21-PCNA interaction is important for ecient repair, and indeed it has been suggested that p21 is involved in the disassembly of PCNA from DNA repair sites in cells (Savio et al., 1996) .
Nevertheless, it has been unclear why PCNAdependent NER is resistant to inhibition by p21. In order to explore the mechanisms, we carried out studies of NER with cell-free extracts from human cells and puri®ed DNA polymerases.
Results

Resistance of NER in human cell extracts to inhibition by p21
Previous investigations have ®rmly established that p21 can inhibit PCNA-dependent DNA replication reactions in vitro. For example, we noted that complementary strand synthesis by Xenopus egg extracts could be almost fully inhibited by p21 when PCNA was present in limiting amounts, but that nucleotide excision repair by these extracts was p21-resistant under the same conditions (Shivji et al., 1994) . Nucleotide excision repair by human cell extracts also displays considerable resistance to recombinant p21 as shown in Figure 1a and b with UV-irradiated DNA and Figure 1c with DNA containing a single cisplatin lesion.
In Figure 1a , repair synthesis was carried out with two crude cell fractions from HeLa cells, CFIA and CFII, and puri®ed PCNA as indicated. The two cell fractions used (designated CFII and CFIA) are competent for NER-mediated incision but as seen in lanes 1 ± 4 they cannot by themselves mediate gap ®lling, because they do not contain PCNA (Shivji et al., 1992) . The CFIA fraction contributes the singlestranded binding protein RPA, while all other incision factors are in CFII. These fractions were supplemented with limiting amounts of puri®ed PCNA and repair was measured as repair synthesis in UV-irradiated DNA over the course of a 3 h incubation. With 24 nM PCNA trimer, a 30-fold molar excess (0.8 mM) of p21 had no signi®cant eect ( Figure 1a , lanes 13 ± 16). Only by further lowering the PCNA concentration could partial inhibition of repair be observed (lanes 5 ± 9 and graph).
When using a repair synthesis assay, it is essential to be certain that the DNA synthesis signals observed are actually due to nucleotide excision repair gap ®lling synthesis, and not to nonspeci®c processes such as nick-translation. One de®nitive way to do this is to use extracts from NER-defective xeroderma pigmentosum cells, which are unable to perform dual incision. Repair can then be restored by adding the appropriate puri®ed DNA repair protein. Extracts from an XPG-defective lymphoblastoid cell line show only a low level of damage-dependent repair synthesis (Figure 1b , lanes 1 and 2), but repair capacity is conferred on the reaction mixture by adding puri®ed XPG protein (lanes 3 ± 7). Addition of p21 to the XPG-complemented extracts had only a modest eect on repair synthesis, with at most 40% reduction at the highest p21 concentration used.
Another way to observe speci®c NER is to monitor the 30 nt patches formed after dual incision of a de®ned adduct. For this purpose we used a duplex DNA molecule containing a single 1,3 intrastrand d(GpTpG) cisplatin crosslink. Cleavage of the molecule with restriction enzyme BstN1 generates a 33 nt fragment encompassing the repair site and several larger fragments¯anking the lesion (Moggs et al., 1996) . Speci®c NER synthesis can be observed in the 33 nt fragment (Figure 1c) . Lanes 1 ± 6 show complete NER reactions where DNA was incubated in fractionated HeLa cell extracts with or without PCNA and His-p21. When PCNA and p21 were preincubated together at the beginning of a 75 min reaction, no eect on repair was observed (lanes 5 and 6). Lanes 7 ± 9 show the results of a two stage reaction where incised intermediates were ®rst allowed to accumulate for 60 min in the DNA before adding PCNA for a further 15 min. Again, the presence of His-p21 from the beginning of the incision stage had no eect on subsequent repair synthesis (lanes 7 and 8). However, addition of p21 only 5 min before the initiation of the synthesis stage by PCNA gave partial inhibition of repair synthesis (lane 9), an eect that was explored further in subsequent experiments. p21 can inhibit ®lling of short gaps in DNA We considered several possible explanations for the resistance of nucleotide excision repair to inhibition by p21. The amount of p21 used was sucient to bind all the PCNA in the human cell extracts, as it was added in high molar excess over the PCNA concentration used in Figure 1a , and was in excess over the PCNA concentration in the whole cell extracts (0.1 ± 0.2 mM). In previous studies, similar concentrations of the same recombinant p21 eciently inhibited complementary DNA strand synthesis in extracts from Xenopus eggs in the presence of the same PCNA concentrations. It seemed possible that there was a fundamental dierence between the mechanism of ®lling of a short repair gap and a long DNA synthesis tract. Conceivably, PCNA-dependent ®lling in of the *30 nt gap created by NER incision might be inherently resistant to inhibition by p21 for some reason. In fact there is evidence that only longer synthesis tracts such as those formed during semiconservative DNA synthesis are easily inhibitable (Li et al., 1994; Flores-Rozas et al., 1994) . Cdn1 and DNA repair MKK Shivji et al Figure 1 Resistance of PCNA-dependent NER in human cell extracts to p21. (a) HeLa cell extract fractions CFII and CFIA (®nal concentrations 1 mg/ml and 0.5 mg/ml respectively) and UV-irradiated and non-irradiated DNA were mixed with PCNA and Hisp21 as indicated. Middle and bottom panels show the ethidium bromide stained gel and autoradiograph. Non-irradiated DNA, (7); UV-irradiated DNA, (+). Quanti®cation of the incorporation of radiolabel (fmol dAMP) in the UV-irradiated DNA is presented in the top panel: open squares, no PCNA; closed squares, 0.1 mg/ml; closed triangles, 0.4 mg/ml; closed circles, 2.0 mg/ml. (b) XP-G cell extracts (4 mg/ml) were incubated with UV-irradiated and non-irradiated DNA either in the absence (lanes 1 ± 2) or presence (lanes 3 ± 7) of 50 ng puri®ed XPG protein. To examine the speci®c eect on gap ®lling, twostage repair reactions were carried out with UVirradiated DNA in order to separate the incision and repair synthesis steps. In the ®rst stage, damaged DNA was incubated for 60 min with fractions CFII and CFIA in the absence of PCNA. The DNA was then puri®ed. For the second, repair synthesis stage of the reaction, this puri®ed incised DNA was incubated again with CFII and CFIA and supplemented with PCNA. This allows DNA polymerase activity in CFII to engage and ®ll the repair gap, and a DNA ligase then seals patches into closed-circular molecules ( Figure 2 ). As in Figure 1a , conditions were used where the extent of gap ®lling in this second stage of the reaction was limited by the amount of PCNA provided. Repair synthesis increased with the amount of added PCNA (Figure 2 , lanes 1, 5 and 9) from 0.1 ± 0.4 ± 2.0 mg/ml. (The PCNA concentration in HeLa cell and lymphoblastoid cell extracts is in the range of 8 ± 16 mg/ml). When PCNA was preincubated with an excess of p21 and then added to pre-incised puri®ed DNA, gap ®lling during a 15 min period was eectively inhibited and increased with the amount of p21 added ( Figure 2 ). The inhibitory eect of p21 on repair synthesis could be alleviated by adding more PCNA to the reaction mixture; compare for example the three points in the presence of 0.2 mM p21 (lanes 2, 6 and 10).
These results show that ®lling of a repair gap can be suppressed by p21 when the inhibitor is allowed to form a complex in advance with PCNA, and a relatively short period (15 min) is allowed for the gap ®lling reaction. There seems to be nothing about the structure or size of a repair gap that makes PCNAdependent gap ®lling inherently resistant to p21. However, a diculty with dividing the repair reaction into two stages in this way is that any normal coupling between the incision and gap ®lling steps is disrupted by purifying the incised molecules as protein-free intermediates. This introduces the possibility that the normal mechanism of the gap ®lling step is altered. In particular, a dierent DNA polymerase than normal might preferentially be used for gap ®lling in disrupted two-stage reactions. This was an important point to consider, as another explanation for the resistance of the full NER reaction to inhibition by p21 could be that dierent DNA polymerases are normally used for NER and for replication, with one polymerase particularly resistant to inhibition by p21. There is good evidence that replication of SV40 viral DNA in vitro requires pol d (Tsurimoto et al., 1990; Weinberg et al., 1990; Hurwitz et al., 1990) , and that mammalian chromosomal replication requires both pol d and pol e (Zlotkin et al., 1996) . It would be possible, for example, that NER normally functions with pol e and this enzyme is especially refractory to p21 inhibition.
This possibility was checked by measuring the eect of p21 on ®lling of a short gap by puri®ed DNA polymerases according to the scheme in Figure 3a . Two oligonucleotides were annealed to single-stranded M13 DNA. A labelled 17-mer primer was annealed 33 nt upstream from a non-priming annealed oligonucleotide and gap ®lling was assayed by formation of 50 nt primer extension products. We used conditions under which both pol d and pol e are completely PCNAdependent. The PCNA loading factor RFC is also required in these gap ®lling reactions with circular DNA substrate. Enzymes and buer were incubated without DNA for 15 min and then with gapped DNA for a further 90 min. Both pol d and pol e ®lled the gap during this period in the absence of p21. Pol e gave a single 50 nt product (Figure 3b, lanes 6 and 7) . Pol d yielded mainly the 50 nt product, but also carried out limited strand displacement and synthesized some Figure 2 p21 inhibits the gap-®lling step of NER in an uncoupled reaction. Puri®ed DNA substrate containing a mixture of pre-incised UV-irradiated and non-irradiated DNA was incubated for 15 min at 308C with CFII (1 mg/ml) and CFIA (0.5 mg/ml). PCNA and His-p21 were preincubated on ice before adding to the reactions as indicated. (a) Top panel, the ethidium bromide stained gel; bottom panel, the corresponding autoradiograph. DNA (7) non-irradiated, (+) UV-irradiated; nc nicked circular DNA, cc closed circular DNA. (b) Total DNA synthesis in the UV-irradiated DNA (nickel and closed circular DNA) was quanti®ed as fmol dAMP incorporated and plotted as a function of His-p21 concentration Cdn1 and DNA repair MKK Shivji et al products a few nt longer (Figure 3b, lanes 2 and 3) , a property of this enzyme that was noted earlier (Podust and HuÈ bscher, 1993) . Pol e had 3' ± 5' exonuclease activity higher than that of pol d, as revealed by shortening of the 17-mer primer (compare lanes 5 ± 8 with 1 ± 4). The gap ®lling DNA synthesis activity of both DNA polymerase holoenzymes was eectively inhibited by a 200-fold molar excess of p21 protein over PCNA trimer (Figure 3b , lanes 4 and 8). In this experiment and in subsequent titrations we found no evidence for a dierential sensitivity of pol e or pol d to p21 under conditions where both are PCNA-dependent.
The relative resistance of NER to p21 must therefore have another origin. A likely explanation is suggested by what is known about the eects of p21 on PCNA and DNA polymerases. Although there is a modest eect of p21 on the ability of RFC to load the PCNA toroid onto DNA, the principal consequence of p21 bound to PCNA is that it blocks association of polymerase with the PCNA clamp, thereby preventing synthesis (Podust et al., 1995a) . This suggests the following scenario. Occasionally, p21 will dissociate from a PCNA trimer that is bound to DNA and p21 will bind to another of its high-anity targets in cells or cell extracts, such as a cyclin-Cdk component or Figure 3 p21 can inhibit short gap ®lling by both DNA pols d and e. (a) Schematic of DNA substrate with a 33 nucleotide gap, made by annealing two oligonucleotides to single-stranded M13mp18 GTG DNA. The 24-mer oligonucleotide had a 3' phosphate group to prevent priming and a non-cleavable phosphorothioate bond before the last 3' nucleotide to limit degradation. (b) Gapped DNA (50 ng; 5 pmol) with a 32 P-labelled 17-mer oligonucleotide was incubated as described in reaction mixtures containing RPA (50 mg/ml) and RFC (3 mg/ml). DNA polymerase d (1 unit) or e (0.22 unit) and PCNA (3 nM trimer) were present as indicated for 90 min at 308C. Reactions were incubated either without p21 (lanes 2 and 6), or with 1 ml of added elution buer (50 mM Tris-HCl pH 8, 10 mM glutathione) (lanes 3 and 7), or contained Gst-p21 (28 mg/ml, 0.6 mM) in elution buer (lanes 4 and 8). Dideoxy sequencing reaction products (G and A) are shown along with the positions of the radio-labelled 17-mer primer and MspI-digested pBR322 DNA Kearsey et al., 1995) . The liberated DNAbound PCNA trimer can then bind DNA polymerase and a short patch of 30 nt can be readily formed. Synthesis of longer tracts of DNA as in DNA replication will be less straightforward because DNA polymerase d undergoes multiple cycles of dissociation and reassociation with PCNA. Any reassociation of p21 with PCNA during this polymerase dissociationreassociation cycle will again disrupt replicative synthesis (Podust et al., 1995a) .
To test the prediction that the inhibitory eect of p21 on repair synthesis is progressively relieved with increasing incubation time in the extract, the experiments in Figure 4a were performed. DNA containing a single cisplatin adduct was incubated for 60 min with cell extract fraction CFII and puri®ed RPA, which allows ecient incision. Half of each reaction mixture was used to measure the amount of dual incision that had taken place. A limiting amount of PCNA (0.2 mg/ ml) and 32 P-labelled deoxynucleotides were then added to the other half of the reaction mixtures for a 5 min period to allow gap ®lling to take place, and the reactions were stopped. p21 (0.77 mM, 200-fold excess over PCNA trimer) was added to such incision reactions either for the full 60 min (lane 13), or after 30, 45 or 55 min incubation (lanes 14 ± 16), or at the same time as the PCNA (lane 17).
In no case did the presence of p21 have any measurable eect on the eciency of the dual incision stage of repair (Figure 4a, lanes 1 ± 8) . However, p21 dramatically inhibited the gap ®lling step if it was added together with the PCNA for a 5 min repair synthesis period at the end of the 60 min incision incubation (lane 17). Severe inhibition was also apparent if p21 was added to the extract fraction just 5 ± 15 min before the pulse with PCNA (lanes 15 and  16) . However, the inhibition by p21 was much alleviated if p21 was incubated in the cell extract for more than 15 min before the PCNA pulse (Figure 4a,  lanes 13 and 14) .
There was a rather narrow window of conditions where such a strong in¯uence of p21 on repair -- P]TTP (1 mCi each) and dNTP mixture (1.0 mM) was added and incubation continued for 5 min before termination of the reaction. His-p21 (15 mg/ml) was included in the reaction mixtures for the times indicated before addition of PCNA and deoxynucleotides. For the dual incision assay (lanes 1 ± 10), dNTPs and PCNA were omitted. Excised platinated oligonucleotides were detected as described. For the repair synthesis analysis (lanes 11 ± 20) the DNA was digested with BstNI to examine the 33 nt fragment. (b) Repair synthesis for 15 min. Reactions were set up as described in (a) except that the period of repair synthesis with PCNA and deoxynucleotides was 15 min. Con, DNA without lesion; Pt, DNA with platinated GTG lesion p21
Cdn1 and DNA repair MKK Shivji et al synthesis could be observed. This required using a limiting amount of PCNA, an excess of p21, a short pulse of repair synthesis, and addition of p21 with or shortly before the addition of PCNA. When similar experiments were carried out for example with a longer second-stage period for repair synthesis (15 min), the inhibitory eect of p21 was less marked (Figure 4b ). Again, inhibition by p21 decreased with increasing time of incubation in the extract fraction and after 60 min of incubation p21 had no eect on repair synthesis (Figure 4b, lanes 3 and 4) . Even when the PCNA was added with the p21 at the beginning of the 15 min pulse, relatively more repair synthesis was seen than with a 5 min pulse (compare Figure 4a , lane 17 and Figure 4b , lane 9). These data show that the inhibitory eect of p21 on PCNA-dependent repair synthesis is alleviated after incubation for about 15 min in a cell extract. A similar eect can be seen in Figure 1c where p21 is inhibitory if added to extract only 5 min before the PCNA pulse (lane 9), but ineective if present from the beginning of a 60 min incubation (lane 8). The relative resistance of repair to p21 can be explained if only a brief period of association of PCNA with DNA polymerase is needed to complete a repair gap.
Inhibition of DNA polymerases and NER by a speci®c peptide
Detailed analysis of the inhibitory properties of p21 has shown that dierent regions of the protein bind to dierent targets. The PCNA-binding region is near the C-terminus and a peptide representing amino acids 141 ± 160 can by itself directly inhibit PCNA function Gulbis et al., 1996) . A prediction, therefore is that a PCNA-associating p21 peptide should be able to inhibit PCNA-dependent DNA synthesis by pols d and e. Such a PCNAinteracting peptide may also be more potent in its DNA repair-inhibiting capacity because it is more limited in its ability to interact with cyclin-Cdk targets and should remain more ®rmly bound to PCNA. The peptides used are shown in Figure 5a . Peptide 10 contains the PCNA-binding sequence of p21. Peptide 11 partially overlaps peptide 10 but is missing key amino acids of the PCNA-binding motif. Both peptides 10 and 11 are missing the two cyclin-Cdk binding regions from the N-terminal half of p21, but contain a C-terminal cyclin D1-Cdk4 binding motif (Ball et al., 1997) . The anity of peptide 10 for PCNA is much higher for PCNA than for any cyclin-Cdks (KLB, unpublished). Peptide 5 contains none of these binding elements.
We ®rst checked that peptide 10 was able to inhibit ®lling of short gaps by pol d and pol e, using the same assay as in Figure 3 . Using conditions where both DNA polymerases are PCNA-dependent, peptide 10 could completely inhibit gap ®lling synthesis ( Figure  5a , lanes 5, 6, 13, 14). Control peptide 5 had no eect while peptide 11 had a modest inhibitory eect only at a very high concentration (30 mg/ml). Experiments with lower concentrations of peptide 10 indicated that gap ®lling synthesis by both polymerases was inhibited with similar eciency (Figure 5b) .
The peptide also inhibited NER repair synthesis (Figure 5c ). In an NER reaction with HeLa cell extract and UV-irradiated DNA, a 100-fold excess of peptide 10 was an eective inhibitor of NER. In contrast to the situation with full length p21, the peptide retained its ability to inhibit NER reactions even when incubated for a total of 3 h with cell extract as in this experiment. This is consistent with the ability of peptide 10 to form a tight complex with PCNA and its limited ability to bind other targets. Neither peptide 11 nor peptide 5 were eective NER inhibitors.
Discussion
Resistance of NER gap ®lling to inhibition by Cdn1
We found that nucleotide excision repair of UVirradiated DNA by human cell extracts is quite resistant to inhibition by p21 protein (Figure 1 ). This ®nding is consistent with previous observations of resistance of NER repair to p21, made with Xenopus egg extracts (Shivji et al., 1994) , human cell extracts (Li et al., 1994) , and intact human cells (Li et al., 1996; Savio et al., 1996; McDonald et al., 1996) . On the other hand, it is clear that if conditions are adjusted so that an excess of p21 is pre-bound to PCNA, ®lling of gaps can be readily inhibited. This is true both for gaps generated by NER (Figure 2 ) and for gaps ®lled by puri®ed DNA polymerase d or e holoenzymes ( Figure  3 ); see also (Gibbs et al., 1997) . A key ®nding that explains the resistance of NER to repair is that during incubation with cell extract, inhibition by p21 is gradually relieved and NER gap ®lling can be completed (Figure 4) .
A straightforward mechanism can be proposed for this resistance of repair to p21 during extended incubation times, based on known properties of PCNA-dependent DNA polymerases and p21. Studies of the mode of synthesis by pol d show that during synthesis of a long tract of DNA, the polymerase repeatedly dissociates and reassociates with the template to which the PCNA clamp is bound (Podust et al., 1995b) . In this sense, pol d itself is not intrinsically processive, but repeated association with the PCNA timer clamp confers processivity on the overall DNA synthesis event. The dominant inhibitory eect of p21 on DNA synthesis by pol d is that it prevents binding of the polymerase to the PCNA clamp (Podust et al., 1995a ). This appears to arise from direct physical interference, as both p21 and pol d bind to overlapping sites on the same face of PCNA (JoÂ nsson et al., 1998) . A consequence of these properties is that if p21 occasionally dissociates from a PCNA clamp on the DNA template, pol d can associate with the PCNA and begin DNA synthesis. During synthesis of a long tract of DNA as in semiconservative DNA replication, repeated cycles of dissociation and reassociation of pol d with PCNA will occur during extension. This may particularly occur when the polymerase temporarily stalls at obstacles such as secondary structure hairpins, previous Okazaki fragments, recombination intermediates, lesions, or RNA transcripts. Each such dissociation event creates an opportunity for p21 to reassociate with the PCNA clamp and block further synthesis ( Figure 6 ). During ®lling of a short gap as in NER, the DNA polymerase will rarely dissociate and 1 ± 8) and e (lanes 9 ± 16) holoenzymes. Reactions were incubated with gapped substrate and RPA, RFC, and DNA polymerases for 90 min as in Figure 3b , with PCNA and peptides added as indicated. (b) Sensitivity of gap ®lling by pol d (lanes 1 ± 6) and pol e (lanes 7 ± 12) to increasing concentrations of peptide 10. Same conditions as in Figure 5a . (c) Repair of UV-irradiated DNA. HeLa cell extracts were incubated for 3 h at 308C with increasing amounts (0.1, 1 and 10 mg/ml) of peptide 5 (lanes 2 ± 4), peptide 10 (lanes 4 ± 7) or peptide 11 (lanes 8 ± 10). Ethidium bromide stained gel (middle panel) and the corresponding autoradiograph (bottom panel) are shown. The data were quanti®ed and incorporation into damaged DNA plotted (top panel) Cdn1 and DNA repair MKK Shivji et al reassociate with the template, so that once the polymerase binds to PCNA and initiates gap ®lling, the repair patch can be completed without further interference from p21. Even when p21 is present in great excess over PCNA, DNA repair synthesis can eventually proceed when a short time is given for some of the p21 to associate with molecules other than PCNA (Figure 4) . The opportunity for DNA polymerase to associate with PCNA will be increased by the many alternative targets in cell extracts to which p21 can bind with high anity. Consistent with this, a p21-derived peptide which binds to PCNA but is missing two cyclin-Cdk binding domains is an eective inhibitor of nucleotide excision repair synthesis ( Figure 5 ). These considerations are based on studies of pol d. A detailed analysis of pol e operating under PCNAdependent conditions has not been undertaken. However, it has been demonstrated that on singlyprimed templates p21 is considerably more eective at inhibiting long extension events than short ones for DNA synthesis by both pols d and e (Li et al., 1994) . This model therefore is applicable to nucleotide excision repair regardless of whether pol d or pol e normally carries out the reaction.
Even under circumstances where NER synthesis could be readily inhibited by pre-binding of p21 to PCNA, there was no eect on the dual incision reaction steps of repair for a cisplatin adduct. This result was not unexpected, as PCNA is not required for the incision reaction of NER. This diers from a previously reported mild inhibition by p21 of dual incision in DNA containing a single cholesterol moeity (Pan et al., 1995) . A more serious dierence is that in this previous study p21 profoundly inhibited DNA synthesis by cell extracts in UV-damaged DNA. The reason for this dierence is not clear. It is important to emphasize that repair synthesis assays for nucleotide excision repair must be constantly validated to be sure that the observed DNA synthesis is actually due to NER. Human cell extracts can carry out synthesis in UV-irradiated DNA that is quite independent of NER. For example, base excision repair of cytosine hydrates can occur, and nick translation can occur at preexisting nicks in the template or at nicks that arise during incubation. For this reason, we tested XP-G extracts, complemented with XPG protein, ensuring that the UV-dependent synthesis analysed was actually due to NER (Figure 1b) .
PCNA-dependence of nucleotide excision repair synthesis
Under most conditions pol d depends on PCNA for ecient DNA synthesis, although in the absence of PCNA, pol d can synthesize short tracts on particular templates such as poly (dA)-oligo (dT). Under some conditions, pol e can synthesize DNA eciently in the absence of PCNA, but under more physiological conditions such as ionic strength greater than 80 mM or the presence of adequate amounts of RPA, pol e needs PCNA to confer signi®cant activity (Lee et al., 1991; Li et al., 1994; Shivji et al., 1995; Maga and HuÈ bscher, 1995) . For example, with 145 mM KCl as in Figure 3 , ®lling of a short 30 nt gap by both pols e and d is entirely PCNA-dependent.
The term`processivity factor' is sometimes used to describe the in¯uence of PCNA on DNA synthesis by pol d, based on the view that the main function of PCNA is to serve as a sliding clamp which facilitates continued association of polymerase on a DNA template for a long period. This may not be the best conceptual framework for explaining the eect of PCNA on polymerase. It is particularly inappropriate in the case of NER, where a gap of only about 30 nt is ®lled and it seems unnecessary to invoke processivity. Instead, PCNA can be regarded more simply as an integral part of the DNA polymerase holoenzyme, as a factor which associates with a primer-template junction and greatly facilitates polymerase binding. PCNA is required for ecient initiation and extension of DNA synthesis by pol d or e from a primed template, and even ®lling of a short gap by these polymerases is PCNA-dependent. On circular templates, RFC is also absolutely necessary for synthesis, as an ATP-dependent factor which loads the PCNA trimer onto the template. In fact, current evidence indicates that pol d is not especially processive in the sense of staying continuously anchored to an extending template. Instead, the polymerase undergoes repeated cycles of dissociation and reassociation with PCNA which is located at the primer-template junction. The presence of PCNA makes the overall DNA synthesis event more Cdn1 and DNA repair MKK Shivji et al processive because it so greatly facilitates reassociation of polymerase with the extending strand.
It is of interest to remark on the reasons why two other abundant nuclear DNA polymerases, pol a and pol b, do not participate in ®lling the 30 nt NER repair gaps in either cells or cell extracts. The principal function of pol a in cells is as a primase for Okazaki fragments during replicative synthesis on the lagging strands. It then synthesizes a few deoxynucleotides from its own RNA primer before replication switches to a PCNA-dependent enzyme. Such a primase function is not relevant to repair gap ®lling and apparently pol a extends much less eciently from other primers. In any case, there is good evidence in mammalian cells and cell extracts that pol a does not catalyze gap ®lling during NER Wood and Shivji, 1997) . For example, an antibody that neutralizes DNA polymerase a activity does not inhibit repair synthesis by human cell extracts (Coverley et al., 1992) .
Similarly, DNA pol b does not catalyze NER-gap ®lling, as demonstrated most simply by the sensitivity of NER to aphidicolin in cells and cell extracts. Pol b is an aphidicolin-resistant enzyme. The principal and perhaps only function of pol b in cells is in the main pathway for base excision repair of DNA, ®lling the single nucleotide gap remaining after removal of an altered base residue by a DNA glycosylase, nicking by an AP endonuclease, and excision of a sugar-phosphate residue (Kubota et al., 1996; Sobol et al., 1996) . Kinetic measurements show that DNA pol b is remarkably inecient at ®lling gaps of more than 1 nt (Chagovetz et al., 1997) .
Rapid method for detecting dual incisions during NER
It is worth drawing attention to the method used for measuring dual incision, as the approach may be generally useful. It is an alternative to several other methods for detecting the dual incision events of NER. A conceptually straightforward approach is to incorporate an internal 32 P-labelled nucleotide near the adduct site, directly observing the ladder of excised oligonucleotides after puri®cation of the reaction product (Huang et al., 1992; Hess et al., 1997) . The advantages of this method are that it can be applied to any lesion and is directly quanti®able. The disadvantage is that a highly radioactive DNA substrate must be manipulated and lasts only a few weeks. An alternative to using internally labelled DNA is to use unlabelled DNA, transfer the excision products from a polyacrylamide gel to ®lter paper, and detect them by Southern blotting with a complementary probe (Moggs et al., 1996) . The advantage is that ample substrate can be prepared in advance, but the subsequent manipulations for blotting are rather time-consuming. When the exact position of the 3' incision is mapped for a given adduct it is then possible to directly end-label excision fragments by annealing a complementary strand as done here. Reactions can be carried out in a small volume and end-labelling carried out without intermediate puri®cation. Products are then directly loaded on a gel. This simpli®es and accelerates analysis; the only foreknowledge required is the position of the major 3' incision sites for the particular DNA adduct used.
Materials and Methods
Human cell extracts
Whole cell extracts from HeLa cells and the lymphoblastoid XP-G cell line XPG83 were prepared according to the published method . HeLa extracts were fractionated to give CFII and CFIA as described (Shivji et al., 1992; Biggersta and Wood, 1998) .
Puri®ed proteins and p21 peptides
Calf thymus RFC (30 mg/ml) (Podust et al., 1992) and pols d and e (Weiser et al., 1991) were puri®ed as described. Recombinant His-tagged p21 (0.15 mg/ml) , GST-p21 (0.28 mg/ml) (Podust et al., 1995a) , human RPA (0.5 mg/ml) (Henricksen et al., 1994) and human PCNA (Fien and Stillman, 1992; Biggersta and Wood, 1998) were produced in E. coli. p21 peptides 5 (5.0 mg/ml), 10 (1.5 mg/ml) and 11 (5.0 mg/ml) were synthesized as in Warbrick et al. (1995) .
DNA substrates
UV-damaged DNA Plasmids pBluescript KS + (2.9 kb) and pHM14 (3.7 kb) were grown in E. coli strain JM109. pBluescript KS + was UV-damaged (450 J/m 2 ). Both plasmids were treated with E. coli Nth protein to remove pyrmidine hydrates and closed circular DNA was isolated from cesium chloride and sucrose gradients Biggersta and Wood, 1998) .
DNA with a single cisplatin adduct A single 1,3-intrastrand d(GpTpG) cisplatin crosslink in the oligonucleotide 5'-TCTTCTTCTGTGCACTCTTCTTCT-3' was incorporated into closed-circular duplex M13mp18GTG DNA with T4 DNA polymerase and ligase following described methods (Shivji et al., 1998) . A control substrate was synthesized without the adduct.
DNA with a de®ned gap A 17-mer primer was annealed to single-stranded M13mp18GTG DNA, and a 24-mer stop oligonucleotide was annealed 33 nt downstream, so that extension from the 5'-labelled 17-mer would ®ll the 33 nt gap (Figure 3a) , to give a 50-nt long product on a sequencing gel. In such experiments, gapped DNA was made by annealing M13 DNA with 17-and 24-mers in a molar ratio of 1 : 2 : 10, respectively. The 24-mer stop oligonucleotide had a non-cleavable 3' phosphate and a non-cleavable phosphorothioate bond before the 3' nucleotide. This substrate was used in reaction mixtures with puri®ed components as follows. Puri®ed recombinant human PCNA (610 mg/ml) was diluted to 2.5 mg/ml in buer A (25 mM HEPES-KOH ph 7.8, 1 mM EDTA pH 8.0, 0.01% NP40, 10% glycerol, 1 mM DTT, 0.1 mM PMSF, 100 mM, KCl). Ten ml reaction mixtures contained 0.25 mg/ml RPA, 50 mg PCNA, and 3 mg/ml RFC. Pol d (6.6 U/ml) was diluted in buer B (45 mM HEPES-KOH (pH 7.8), 70 mM KCl, 7.4 mM MgCl 2 , 0.9 mM DTT, 0.4 mM EDTA, 20 mM each of dGTP, dCTP, and TTP, 8 mM dATP, 2 mM ATP, 40 mM phosphocreatine and 0.36 mg/ml BSA) to give 1 U/ml. One unit of pol d or 0.22 unit of pol e (0.22 U/ml) was used per reaction. Reactions containing the enzymes and buer A (supplemented with 0.2 mM dNTPs) were mixed on ice. The ®nal salt concentration (KCl plus NaCl) was 145 mM. Reactions were incubated in the absence of DNA at 308C for 15 min, primed DNA (50 ng) was added, and incubation continued for 90 min at 308C. Reactions were terminated by adding 20 ml sequencing stop buer (98% deionized formamide, 1X Tris-borate-EDTA, 0.025% bromophenol blue and 0.025% xylene cyanol), heated at 958 for 5 min and kept on ice. Ten ml of the sample was loaded onto a 12% sequencing gel that had been pre-run at 508C. The Cdn1 and DNA repair MKK Shivji et al markers used were either end-labelled MspI-digested pBR322DNA or dideoxy-sequencing reactions using 5' radiolabelled 17-mer primer annealed to the singlestranded M13mp18GTG DNA. Electrophoresis was stopped when the bromophenol blue dye front was *30 ± 35 cm from the wells. The gels were dried and exposed to X-ray ®lm.
Repair synthesis assay Fifty ml reactions contained human whole cell extracts, a mixture of UV-irradiated and nonirradiated DNA (*500 ng) in buer B plus 2 mCi (74 kBq) of [a-32 P]dATP (110 TBq/mmol), 2.5 mg of creatine phosphokinase and 3.4% glycerol. After incubation at 308C for the times indicated, the DNA was puri®ed from the reaction mixutres, linearized with BamHI (where indicated) and separated by electrophoresis in a 0.8% agarose gel in the presence of 0.5 mg/ml ethidium bromide. Autoradiography of the dried gel was followed by scintillation counting of excised bands .
Reactions using DNA with a single cisplatin lesion contained 100 ng DNA substrate which was incubated with fractionated HeLa extracts in buer including [a-32 P]dTTP and [a-32 P]dCTP. After the reaction, DNA was puri®ed, digested with BstNI and the restriction fragments were separated by electrophoresis on an 8% polyacrylamide gel.
Analysis of dual incision and repair synthesis with singly platinated DNA DNA containing a single 1,3-intrastrand d(GpTpG) cisplatin crosslink was incubated at 308C for 30 ± 60 min with HeLa CFII and puri®ed recombinant RPA in repair buer without PCNA or dNTPs. The reactions were used either for dual incision analysis or for repair synthesis.
To locate dual incisions, A 34-mer (5'GGGGGAA-GAGTGCACAGAAGAAGAGGCCTGGTCG3') complementary to the excised oligonucleotides was added to the reaction mixture and heat-denatured at 958C for 5 min. The DNA was allowed to anneal at room temperature for 15 min. Sequenase (1.3 U) and [a- 32 P]dCTP (1 mCi) was then added and incubated at 378C for 3 min to extend the annealed excised oligonucleotides from the 3' terminus using as a template the 5' overhang of four guanine residues on the 34-mer. dNTP mix (5 mM ®nal) was then added for a cold chase and incubated for a further 12 min. The reactions were stopped by freezing on dry ice.
Repair synthesis was measured following the introduction of dual incisions in the DNA¯anking the platinum adduct. A portion of the repair reactions was incubated for a further 5 min at 308C after the addition of PCNA, radiolabelled [a-32 P]dCTP and [a-32 P]TTP (2 mCi each) and unlabelled dNTP mixture (1 mM ®nal). The proteins in the reaction mixture were then inactivated by heating at 958C and cooled to room temperature. The reaction mixture was supplemented with 10 mM Tris-HCl, 10 mM MgCl 2 and 100 mg/ml BSA and digested with BstN1 at 608C for 1 ± 2 h.
For analysis, dual incision and repair synthesis reactions were mixed with 8 ml sequencing stop buer, heated at 958C for 5 min and kept on ice until required. One-third of the sample was loaded on to a denaturing 12% acrylamide sequencing gel. The bromophenol blue dye was allowed to migrate *35 cm from the wells and the gel dried and exposed to X-ray ®lm (Kodak XOMAT or Biomax MS1).
